Using high pressure flash photolysis, we revealed that the side chain of Leu 29 controls the reaction volume of the ligand migration process in myoglobin, which is the primary factor for the unusual activation volume of ligand binding in some Leu 29 mutants. As we previously reported (Adachi, S., Sunohara, N., Ishimori, K., and Morishima, I. (1992) J. Biol. Chem. 267, 12614 -12621), CO bimolecular rebinding in the L29A mutant was unexpectedly decelerated by pressurization, suggesting that the rate-determining step is switched to ligand migration. However, very slow CO bimolecular rebinding of the mutants implies that bond formation is still the ratedetermining step. To gain further insights into effects of the side chain on ligand binding, we prepared some new Leu 29 mutants to measure the CO and O 2 rebinding reaction rates under high hydrostatic pressure. CO bimolecular rebinding in the mutants bearing Gly or Ser at position 29 was also decelerated upon pressurization, resulting in apparent positive activation volumes (⌬V ‡ ), as observed for O 2 binding. Based on the three-state model, we concluded that the increased space available to ligands in these mutants enhances the volume difference between the geminate and deoxy states (⌬V 32 ), which shifts the apparent activation volume to the positive side, and that the apparent positive activation volume is not due to contribution of the ligand migration process to the rate-determining step.
In biophysical chemistry, hydrostatic pressure has long been used to affect dynamics, conformational equilibrium, and other properties of native states of proteins (1) (2) (3) (4) . One of the elegant applications of hydrostatic pressure on protein dynamics is the pressure effect on ligand binding to hemoproteins. Although various gaseous ligands can bind to the heme iron located inside the protein matrix, x-ray structures of hemoproteins show no explicit pathways for entry and escape of the ligands (5-7), implying that large protein fluctuation would be required for ligand binding reactions. Since the structural fluctuation in proteins is supposed to be perturbed by hydrostatic pressure (1, 2, 4) , the influence of pressure on ligand binding to hemoproteins has been extensively studied by our group (8 -12) and other groups (4, (13) (14) (15) (16) (17) . By measurements of pressure dependence of ligand binding kinetics, the activation volume (⌬V ‡ ) of the ligand binding reaction (the volume change of the transition state with respect to the ground state) can be estimated by Equation 1 .
Since the magnitude of activation volumes depends on conformational changes accompanied by reactions of proteins and reflects the specific interactions of the transition state with ligands, the volume profiles can provide us with a wealth of information on the dynamics of ligand binding processes.
In the carbon monoxide rebinding reactions for hemoproteins, negative activation volumes ranging between Ϫ42 and Ϫ9 cm 3 mol Ϫ1 have been obtained (8, 9, 11, 13, 14, 17, 18) , whereas the dioxygen rebinding reactions exhibited small positive activation volumes (0 -8 cm 3 mol
Ϫ1
) (8, 9, 12, 13, 16, 17) . As examined using small compounds and model systems (17) , these differences in the sign of the activation volumes have been attributed to the different rate-determining step for the ligand binding process. The rate-determining step for CO binding to the heme iron is the bond formation process (19 -21) , which experiences a significant decrease in the total volume of the reactants to form the activation state and shows the negative activation volume.
On the other hand, the ligand diffusion process contributes to the rate-determining step for O 2 binding in hemoproteins due to the relatively low energy barrier for the bond formation process (20, 21) . As shown by Gibson et al. (22) , the rate of ligand entry from solvent to the protein interior is increased as the space available to the ligand in the heme pocket is increased. Therefore, decreasing the volume of the distal heme cavity with increasing pressure decelerates the ligand binding reaction rate, resulting in the positive activation volume. Thus, the contribution of the ligand diffusion process in O 2 binding to hemoproteins to the rate-determining step shifts the activation volume to the positive side.
In our previous studies, we found an anomalous pressure dependence of the CO rebinding rates for the myoglobin (Mb) 1 L29A mutant (9) and cytochrome P450 cam in the absence of camphor (12) . Both of them exhibited positive apparent activation volumes, which were interpreted in the sense that the rate-determining step was switched from the bond formation to the ligand diffusion process. Actually, the CO rebinding rate for cytochrome P450 cam in the absence of camphor was extremely fast (850 M Ϫ1 s Ϫ1 ) (12) , characteristic of the ligand migration process as the rate-determining step. However, the CO rebinding rate for the Mb L29A mutant was substantially slow (0.15 M Ϫ1 s Ϫ1 ) (9) compared with that for wild-type Mb (0.70 M Ϫ1 s Ϫ1 ), suggesting that the positive apparent activation volume for CO binding in the Mb mutant is hardly ascribed to contribution of the ligand migration process to the rate-determining step.
No or a smaller contribution of the ligand diffusion process to the rate-determining step in the L29A mutant was supported by our recent kinetic measurements of this mutant (23) . The geminate yield for CO rebinding in the L29A mutant was quite small compared with that in wild-type Mb. Together with the slow bimolecular rate, we suggested that the kinetic barrier for the bond formation was enhanced and CO rebinding in the mutant is still limited by the bond formation process. Gibson and co-workers (22, 24) and Olson and Phillips (25) have also shown that the extent of geminate rebinding is considerably reduced when Leu 29 is replaced with smaller residues. To examine the structural origin of the abnormal positive activation volume for CO rebinding in the L29A mutant, we have prepared some new Leu 29 mutants and measured the pressure dependence of the CO and O 2 recombination rates. Together with the kinetic features of these mutant myoglobins under ambient pressure, we discuss here a relationship between the volume profile during the ligand binding reactions and the side chain at position 29.
MATERIALS AND METHODS

Preparation of Mutant Myoglobins-
The original expression vector of human myoglobin, 2 pMb3 (pLcIIFXMb), was a gift from R. Varadarajan and S. G. Boxer (26) . The procedures for the site-directed mutagenesis have been described previously (9, 27, 28) . Preparation and purification of wild-type and mutant 3 myoglobins followed methods described previously (9, 23, 28) .
Laser Photolysis Measurements under Various Pressures-The CO and O 2 association rate constants under high pressure were obtained by a laser photolysis apparatus we developed (8 -12, 23, 29) . We used the second harmonic (532 nm, 6-ns pulse width) of a Q-switched neodymium/Yttrium Aluminum Garnet laser (Continuum, Surelite-I) for photolysis. The absorption changes were monitored at 440 nm. Signals were detected in transmission using a photomultiplier (Hamamatsu Photonics, R2949), and the transient signals were digitized using a Tektronix TDS-520A oscilloscope. The CO and O 2 bimolecular rebinding reactions, except for CO binding to the L29S mutant (80 -140 MPa), could be analyzed by fitting the time courses of the absorbance change to Equation 2.
Two-exponential fitting was required to fit the time courses of CO binding to the L29S mutant at 80 -140 MPa (Equation 3),
where ⌬A t is the absorbance change at any time (t) and ⌬A 0 is the total absorbance change (absorbance at t ϭ 0 minus absorbance at t ϭ ϱ). k app is the observed first-order rate constant (30) (Equation 4), 
where L represents ligands. States 1 and 3 correspond to the ligandbound and deoxy states, respectively. State 2 is the geminate state in which the iron-ligand bond has been photolyzed, but the ligand is still trapped within the protein matrix (19) . The activation volume is given by Equation 7 ,
where R is the gas constant (8.314 J mol Ϫ1 K
Ϫ1
), T is absolute temperature, and k 1 and k P are the observed first-order rate constants at 0.1 and P MPa, respectively. The slopes of the plot of ln(k P /k 1 ) versus pressure for the mutant myoglobins at atmospheric pressure were calculated by the optimized second-order polynomial function (3). Since no gas phase in contact with the sample is in a sealed quartz capsule, the pressure dependence of the ligand concentration is negligible over the range of applied pressure. All the data were analyzed and graphs were prepared using IGOR Pro (Wave Metrics, Lake Oswego, OR).
Electronic Absorption Spectra under Various Pressures-The high pressure cell and its inner capsule used for the measurements of electronic absorption spectra under high pressure have been described in detail in our previous reports (8, 29) . A background spectrum was taken using a buffer-containing inner sample capsule. Electronic absorption spectra were recorded on a Shimadzu UV 2200 UV-visible spectrophotometer. The buffer was 100 mM Tris-HCl (pH 7.8). . In contrast to that for wild-type myoglobin, the recombination rate for the L29S mutant was decreased by pressurization, as observed for the L29A mutant (9) . Another small side chain mutant (L29G) also exhibited a significant deceler- ation of the rebinding rate by elevating pressure (data not shown), but the pressure effect on CO binding in the L29G mutant was less drastic than that in the L29S mutant. On the other hand, two large side chain mutants (L29I and L29F) showed an acceleration of the rebinding rate, as did wild-type myoglobin (data not shown). Fig. 3 illustrates the pressure dependence of the CO bimolecular rebinding rate constants for wild-type and five Leu 29 mutant myoglobins. The apparent activation volume (⌬V ‡ ) at atmospheric pressure for human wild-type myoglobin can be estimated as Ϫ18 cm 3 mol Ϫ1 , which is virtually the same as that reported in our previous work (9) . The pressure-dependent features of the Leu 29 mutants in Fig. 3 can be clearly categorized into two groups. One group consists of the L29F and L29I mutants, both of which have a large side chain at position 29, and their rebinding rates were monotonously accelerated by pressurization. The apparent activation volumes for CO rebinding in the L29F and L29I mutants are negative (Ϫ9.7 and Ϫ5.3 cm 3 mol Ϫ1 , respectively) ( Table I ). The other group (which includes the L29A, L29G, and L29S mutants), however, exhibits quite different pressure dependence compared with wild-type, L29I, and L29F myoglobins. As we previously reported (9), pressurization decelerates the CO rebinding rate for the L29A mutant, and its apparent activation volume is positive (9.1 cm 3 mol Ϫ1 ) (Table I ). In the present work, two additional mutants (L29G and L29S) showed deceleration in the CO rebinding rates by pressurization. Their apparent activation volumes are positive and estimated as 12 and 16 cm 3 mol Ϫ1 at normal pressure, respectively (Table I) . Another characteristic feature of this group is a substantial deviation from the linear relation in the pressure dependence of the rate constants, implying that the apparent activation volume depends on pressure. Their rate constants decreased as hydrostatic pressure was elevated up to 100 -150 MPa, whereas in the higher pressure region, the rate constants were increased by pressurization. Under high pressure above 80 MPa, the time courses for the L29S mutant cannot be simulated by Equation 2, as shown Fig. 2 (middle panel) . The residuals from the two-exponential fitting (Equation 3) exhibit a random distribution (Fig. 2, upper panel) , indicating that two exponentials, not a single exponential, are required to fit the time courses at 80 -140 MPa. The fraction and rate constants of each component under various pressures are illustrated in Fig.  4 (A and B, respectively) . Although the pressure dependence of the CO association rates for the L29G and L29A mutants is similar to that for the L29S mutant, the time courses of CO rebinding for the L29G and L29A mutants were well fitted by a single exponential within experimental error.
RESULTS
Pressure Effects on the CO Bimolecular Rebinding
Pressure Effects on the O 2 Bimolecular Rebinding Rate Constants-As we previously reported (8), pressurization decelerates O 2 binding in myoglobin. Fig. 5A shows the time courses for O 2 rebinding in wild-type myoglobin at 0.1, 100, and 200 MPa, which are virtually the same as our previous measurements (8) . All of the Leu 29 mutants reduced their O 2 rebinding rates by raising pressure. The time courses for the L29S mutant are illustrated in Fig. 5B . In Fig. 6 , the pressure dependence of the O 2 bimolecular rebinding rate constants for wildtype and Leu 29 mutant myoglobins is depicted, and the apparent activation volumes are compiled in Table II . The apparent activation volume of wild-type myoglobin is 3.0 cm 3 mol Ϫ1 , which is identical to that reported previously (9) . The deviations of the apparent activation volumes for O 2 binding in the Leu 29 mutants from that in wild-type myoglobin were not so drastic as those for CO binding (Table II) . The L29S mutant, the apparent activation volume (5.8 cm 3 mol Ϫ1 ) of which was similar to that of wild-type myoglobin, showed slight bimodal pressure dependence, as observed for CO rebinding. The apparent activation volume for the L29S mutant was decreased with pressurization, and at ϳ100 MPa, the activation volume for the mutant was changed from the positive to the negative value. Such a bimodal behavior was also encountered for the L29A and L29G mutants, indicating that bimodal pressure dependence is one of the common characteristics of ligand binding to the small side chain Leu 29 mutants. Pressure Effects on the Geminate Rebinding Reactions-To confirm the rate-determining steps for CO rebinding in the Leu 29 mutants, we measured the geminate rebinding reactions at various pressures. The time courses for nanosecond rebinding of CO to wild-type and L29S mutant myoglobins at ambient pressure are illustrated in Fig. 7 . Although wild-type myoglobin showed ϳ2% geminate yield at 20°C and pH 7.8, the geminate yield for the L29S mutant was about half (1%) under the same conditions. Although we could not obtain the rate constants for each elementary reaction process in the mutants due to the low geminate yield, it can be safely concluded that almost all the photolyzed CO molecules do not bind to the heme iron in the geminate process, but diffuse to solvent, resulting in the slow bimolecular rate with the bond formation process (k 21 ) being the rate-determining step. Both of the L29G and L29A mutants also exhibited quite small geminate yields. 4 The L29I mutant, however, had a significant amount of the geminate rebinding fraction, which was comparable to that of wild-type myoglobin (data not shown). The three-state model (Equation 6 ) can be applied to the kinetic analysis of CO binding to the L29I mutant at 0.1-200 MPa as for wild-type myoglobin. The resultant activation volumes for the elementary step in the three-state model are listed in Table I . As summarized in Table I , the rate constants for the L29I mutant are slightly more pressure-tolerant than those for wild-type myoglobin.
We also examined the pressure dependence of the geminate rebinding of O 2 in wild-type and mutant myoglobins. Unfortunately, however, as is the case for CO geminate rebinding, all the Leu 29 mutants, except for the L29I mutant, exhibited quite small amplitudes of geminate rebinding (data not shown). The L29I mutant was the only one to be further analyzed using the three-state model. The estimated rate constants for each elementary step are summarized in Table II . Interestingly, the activation volumes of the elementary steps for the O 2 binding process are rather similar to those of CO binding in wild-type myoglobin and the L29I mutant, although the sign of the apparent activation volume (⌬V ‡ ) for overall O 2 binding is opposite to that for the CO binding (Tables I and II 
mol
Ϫ1 . The ligand migration processes for both of the gaseous ligands have positive activation volumes ranging from 17 to 34 cm 3 mol Ϫ1 . A similar correspondence was found for the L29I mutant. These observations suggest that the activation volumes for the overall ligand binding reaction would be determined by the relative contribution of these elementary processes to the rate-determining step.
Electronic Absorption Spectra under Various Pressures-The absorption spectra have been used to evaluate the alteration in the conformational equilibrium and protein dynamics induced by hydrostatic pressure (32) (33) (34) . The Soret bands of wild-type and L29S mutant myoglobins in the CO form at 0.1, 80, 160, and 200 MPa are illustrated in Fig. 8 . For both myoglobins, pressurization caused a red shift for the Soret band, as observed for P450 and hemoglobin (35) (36) (37) , whereas the pressure dependence of the L29S mutant shows an S-shape, suggestive of some pressure-induced conformational transition (Fig. 9A) . Pressure-induced broadening of the Soret band for the mutant also supports this conformational transition (Fig. 9B) . The halfwidth of the Soret band (full width at half maximum) for other mutant and wild-type myoglobins was almost insensitive to pressure or linearly increased as pressure was elevated. These pressure-induced changes of the Soret band in wild-type and mutant myoglobins were reversible, and protein was not denatured under the high pressure examined here. At neutral pH, application of hydrostatic pressure below 400 MPa does not produce any protein unfolding (1, 38) .
In contrast to the spectral changes in the Soret region by the pressurization of carbonmonoxy myoglobins, no significant changes were observed in the visible region (Q-band) with increasing pressure up to 200 MPa (data not shown). No pressure dependence of the visible region spectra of all myoglobins implies that the spin states of these proteins are not changed by pressurization, in agreement with results of the visible spectra of CO adduct hemoglobin under high pressure (38) . DISCUSSION 
Rate-determining
Step for CO and O 2 Binding to the L29A, L29G, and L29S Mutants-As is clearly shown by the small geminate yields and slow bimolecular rebinding rates for CO binding in the L29A, L29G, and L29S mutants, the bond formation process is still the rate-determining step in these mutants. The bond formation process as the rate-determining step was supported by the pressure effect on the geminate yields of the mutants. As previously proposed, hydrostatic pressure has been considered to preferentially decrease the energy barrier for bond formation to increase the geminate yield (4). The geminate yields for these Leu 29 mutants were pressure-independent, implying that the barrier for bond formation in these mutants is quite higher than that for ligand diffusion, consistent with the quite slow CO association rates (Table I ). The geminate yields were also drastically low for O 2 rebinding in these mutants, implying that the energy barrier for bond formation is highly enhanced. The slow rate constants for O 2 binding in the mutants, which are comparable to that for CO binding in native myoglobin, correspond to the increase of the energy barrier for the bond formation process by the mutation.
One of the factors to enhance the energy barrier for the bond formation process in the small side chain Leu 29 mutants is the increased space available to the ligands in the distal pocket (22) . The photodissociated ligand in the enlarged distal heme pocket has greater rotational and translational freedom, which leads to the increase of the entropic barrier to the ligand movement back to the heme iron and the decrease in the rebinding rate (25) . Another possible factor is the stabilization of the sequestered water molecules near the ligand-binding site. As previously proposed (23), water molecules near the ligand-binding site form a kinetic barrier for bond formation. Although the water molecules near the ligand-binding site are expelled by the ligand entry in wild-type myoglobin, the enlarged heme distal pocket in the mutants would accommodate the water molecules near the ligand-binding site, forming some kinetic barrier for the bond formation process. 29 Mutants-It is quite interesting to note that the rate-determining step for CO binding in the small side chain Leu 29 mutants is the bond formation process, even though their positive activation volumes have been considered to be characteristic of ligand migration-controlled ligand binding (17) . Although various structural factors have been proposed to contribute to ⌬V ‡ for the ligand binding reactions (1), most of the factors contribute to negative ⌬V ‡ , such as covalent bond formation (3), high-to-low spin transition of the heme iron (2), motion of the heme iron from "out-plane" to "in-plane" (12, 13) , solvation of hydrophobic residues (3), and formation of a hydrogen bond (3). Desolvation of ligands was proposed to be a factor only for the positive activation volume (17) . The loss of solvating molecules from the ligand upon entry into the hydrophobic heme pocket would result in a volume increase. However, the volume changes accompanied by desolvation of the hydrated ligand in the solvent for the mutants are almost the same as that for wild-type myoglobin since hydration of the ligand is expected to depend mainly on the ligand itself, not on the protein. It is therefore unlikely that desolvation serves as the major factor to differentiate between the apparent activation volumes for CO rebinding to the L29S, L29A, and L29G mutants and that of CO rebinding to wild-type myoglobin.
Factors for the Unusual Positive Activation Volume for CO Rebinding to Small Side Chain Leu
To qualitatively interpret the positive activation volumes for the L29S, L29A, and L29G mutants, we can start from the three-state model (Equation 6 ). In this model, the overall rate constant (k on ) correlates with the rate constants of the elementary steps in Equation 8 (19) .
If [CO] is assumed to be constant during the high pressure experiments, the apparent activation volume (⌬V ‡ ) is formulated using Equations 7 and 8 as follows in Equations 9 and 10. Since the rate-determining step for CO binding is the bond formation step (k 23 Ͼ Ͼ k 21 ), Equation 10 can be simplified to Equation 11 or 12.
(Eq. 12)
As listed in Table I 
where V 2 and V 3 correspond to the partial volumes of the geminate and deoxy states, respectively. Finally, we obtain Equation 14 . Since the activation volume for bond formation (⌬V ‡ 21 ) is negative (13, 39) , the positive ⌬V ‡ CO for the L29S, L29G, and L29A mutants can be attributed to the positive reaction volume change from the geminate state to the deoxy state (⌬V 32 ). Inspection of Table I shows that ⌬V 32 (⌬V ‡ 32 Ϫ ⌬V ‡ 23 ) for wild-type myoglobin is almost zero, suggesting that the volume change induced by entry of the ligand into the heme distal site is compensated by that induced by expelling of some molecules, probably sequestered water molecules, from the distal pocket to outside of the protein. Although it is difficult to estimate ⌬V 32 for the small side chain Leu 29 mutants without kinetic analysis of the elementary steps, we infer that the enlarged distal heme pocket enables the ligand to enter into the distal heme pocket without expelling of some water molecules inside the protein, eventually affording small ⌬V ‡ 23 and large positive ⌬V 32 for these mutants. The effects of the substitution of the small side chain residues at position 29 are evident in the volume difference between the deoxy and geminate states, which results in the positive apparent activation volume for CO binding in these mutants.
Although the L29F mutant showed the characteristic decrease in the geminate yields as found for the small side chain Leu 29 mutants, the structural origin is completely different. Based on the x-ray structure of the L29F mutant in sperm whale myoglobin, the substitution of Leu 29 for a bulky phenylalanine residue sterically hinders the dissociated ligand remote from the heme to access the heme iron, leading to a drastic decrease in the nanosecond geminate yield (22) . The different structural origin between the two kinds of the mutants is manifested in the reaction volume for ligand migration (⌬V 32 (Fig. 3) . As shown in Fig. 4 , the deviated pressure dependence corresponds to the pressureinduced transition between two conformers. The transition was manifested as the shift of the Soret peak of absorption spectra upon pressurization (Fig. 9A) . The pressure dependence of the Soret maximum position for the L29S mutant is simulated by two lines, A and B, in Fig. 9A . Conformer A is dominant at atmospheric pressure, and conformer B, which is supposed to have the Soret peak at 423.5 nm at ambient pressure, is the major conformer above 150 MPa.
It should be noted here that the position of the Soret peak for conformer B is placed between the positions of conformer A for the L29S mutant (423.8 nm) and wild-type myoglobin (422.7 nm). Since the peak position of the Soret band is determined by the heme -* transition energy and shows a red shift in polar environments (40, 41) , the polarity of the heme pocket in conformer B does not appear so high compared with that of conformer A. Therefore, pressurization is likely to reduce the polarity of the heme pocket in the L29S mutant. Although structural characterization of the two components has not yet been done, it is likely that the heme environment of the L29S mutant was converted to a more hydrophobic environment, as found for wild-type myoglobin. Such a pressure-induced heme environmental transition to the wild-type structure is supported by the kinetic properties of the two conformers. The CO binding properties of conformer B (Fig. 4A, E) , which is the major conformer at higher pressure, are similar to those of wild-type myoglobin, and its pressure dependence is small (Fig.  4B, ‚) .
Although the L29G and L29A mutants also showed a bimodal curve in the pressure dependence of the CO association rate (Fig. 3) , no heterogeneity was found for the rebinding kinetics and pressure dependence of the absorption spectra, implying that the two conformers in these mutants may have similar kinetic and spectroscopic properties. O 2 binding to the small side chain Leu 29 mutants also exhibited nonlinear pressure dependence, despite no heterogeneity for O 2 binding. In the O 2 binding reactions, the two conformers may have similar rebinding rate constants, which prevented us from distinguishing them.
In summary, the present ligand binding measurements under various pressures have revealed that the apparent activation volumes for CO binding to the L29S, L29G, and L29A mutants are unusually positive. Although a change in the sign of the apparent activation volume for CO binding could be deduced from the switch of the rate-determining step from bond formation to the ligand diffusion process, quite small geminate yields and slow bimolecular rebinding rates for these mutants indicate that CO rebinding is still determined by bond formation. In these Leu 29 mutants, we propose that the apparent positive activation volume can be ascribed to the positive reaction volume change from the geminate state to the deoxy state (⌬V 32 ), not to the switch of the rate-determining step.
